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Abstract 
 
The pre-shortening Cretaceous Pyrenean rift is an outstanding geological laboratory 
to investigate the effects on lithospheric rifting of a pre-rift salt layer at sedimentary base. 
The occurrence of a pre-rift km-scale layer of evaporites and shales promoted the activation 
of syn-rift salt tectonics from the onset of rifting. The pre- and syn-rift sediments are locally 
affected by high-temperature metamorphism related to mantle ascent up to shallow depths 
during rifting. The thermo-mechanical interaction between décollement along the pre-
existing salt layer and mantle ascent makes the Cretaceous Pyrenean rifting drastically 
different from the type of rifting that shaped most Atlantic-type passive margins where salt 
deposition is syn-rift and gravity-driven salt tectonics has been post-rift. To unravel the 
dynamic evolution of the Cretaceous Pyrenean rift, we carried out a set of numerical models 
of lithosphere-scale extension, calibrated using the available geological constraints. Models 
are used to investigate the effects of a km-scale pre-rift salt layer, located at sedimentary 
cover base, on the dynamics of rifting. Our results highlight the key role of the décollement 
layer at cover base that can alone explain both salt tectonics deformation style and high 
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temperature metamorphism of the pre-rift and syn-rift sedimentary cover. On the other 
hand, in absence of décollement, our model predicts symmetric necking of the lithosphere 
devoid of any structure and related thermal regime geologically relevant to the Pyrenean 
case. 
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North Pyrenean rifting - numerical modeling - décollement - syn-rift salt tectonics - mantle 
exhumation - high temperature metamorphism 
 
 
 
I. Introduction 
Rifting of the continental lithosphere fosters the development of rifts, passive margins 
and oceans. Rifting thus plays a central role in the plate tectonics framework. Moreover 
continental passive margins host sedimentary basins of particular economic interest 
(natural resources, storage). It is therefore essential to unravel the processes that govern 
lithospheric rifting.   
Since three decades, analogue and numerical models have been widely used to 
investigate various aspects of rifting mechanics and deformation patterns that characterize 
rifted lithospheres (Dunbar and Sawyer, 1989; Benes and Davy, 1996; Brun and Beslier, 
1996; Huismans and Beaumont, 2003; Liao and Gerya, 2014; Naliboff et al., 2017). 
Extensional patterns with specific tectonic implications have been explored in detail: 1) wide 
versus narrow rifts (Buck 1991; Brun, 1999; Gueydan et al., 2008; Tirel et al 2008), 2) oblique 
extension (Tron and Brun, 1991; McClay and White, 1995; Zwaan et al., 2016). The same 
occurred about thermal and magmatic aspects of rifting: 1) thermal regimes (Huet et al., 
2011; Tirel et al., 2004), 2) melting (Bialas et al., 2010; Schmeling and Wallner, 2012; Davis 
and Lavier, 2017) or 3) hot versus cold margins (Corti et al., 2003). Of particular interest for 
the study of passive margins, are modeling works dedicated to: 1) the effects of stretching 
rate variations (Brun, 1999; Brune et al., 2016; Rey et al., 2009; Nestola et al., 2015; 
Tetreault and Buiter, 2018), 2) symmetry versus asymmetry of margins (Nagel and Buck, 
2004 ; Huismans and Beaumont, 2007), 3) surface processes (Burov and Poliakov, 2001; 
Bialas and Buck, 2009) , 4) multiple phases of extension (Braun, 1992; Naliboff and Buiter, 
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2015). Effects of small scale compositional inheritance on the development of passive 
margins has received limited attention, although such inheritance likely play an important 
role in the development of continental passive margins (Duretz et al., 2016; Jammes and 
Lavier, 2016). 
Compositional pre-rift inheritance is of particular relevance for numerous margins in 
the present day Mediterranean as well as former peri-Tethyan basins. Their tectonic 
evolution was often influenced by the presence of thick Triassic deposits in the pre-rift 
stratigraphy, often characterized by evaporite sequences that are mechanically weak and 
often activated as efficient décollement horizons. Such pre-rift lithological heterogeneity is 
thus expected to act as a decoupling level between sedimentary cover and basement during 
passive margin formation. In such circumstances, the pre-rift cover undergoes extension 
above the décollement, giving birth to classical salt tectonics structures. This type of salt 
tectonics is driven by lithosphere extension and therefore is syn-rift. An outstanding 
example is the North Sea salt basin in which salt was deposited during the Permian whereas 
the maximum salt tectonics activity was Triassic-Jurassic (Nalpas and Brun, 1993; Stewart 
and Coward, 1995). Syn-rift salt tectonics strongly contrasts with salt tectonics observed at 
most South Atlantic margins (e.g. Fort et al., 2004; Mohriak, and Szatmari, 2001) where salt 
is deposited syn- to post-rift. Salt tectonics is in this case driven by gravity gliding downslope 
(Brun and Fort, 2011), the margin slope resulting from post-rift thermal subsidence. 
In this study, we investigate the effects of a pre-rift décollement layer, located at 
sedimentary cover base, on the development of a continental rift. We emphasize the role of 
the décollement layer thickness on the style of salt tectonics and its impact on the 
structural, thermal and sedimentary evolution of the resulting conjugate passive margins.  
We characterize the first order features of margins that underwent syn-rift salt tectonics 
and compare our models to the geological data acquired in the Cretaceous Pyrenean Rift. 
 
II. The Cretaceous Pyrenean Rifting 
 Amongst (peri-)Thetyan basins, one of the best-documented field examples 
exhibiting syn-rift salt tectonics is the Cretaceous Pyrenean Rift (CPR) that pre-dates the 
Cenozoic Pyrenean orogeny. Remnants of the rift zone are now exposed all along the 
northern flank of the belt, in the so-called North Pyrenean Zone (NPZ, Fig. 1a), in which the 
pre-rift sedimentary sequences are made, from Triassic to Cretaceous, of limestones, marls, 
A
cc
ep
te
d 
A
rt
ic
le
 
This article is protected by copyright. All rights reserved. 
marbles and dolomites. They are overlain by syn-rift flysch deposits, together with small 
bodies of exhumed sub-continental mantle and associated remnants of Variscan continental 
basement (Lagabrielle et al., 2010; Clerc and Lagabrielle, 2014; Corre et al., 2016). The 
Variscan basement is exposed in the prominent Axial Zone (AZ) that forms the highest 
reliefs of the Pyrenees. It consists in thrust and folded Cambrian to Carboniferous sediments 
and metasediments intruded by granitic plutons.  
 
Stratigraphy 
 The upper Triassic marls and evaporites (Keuper deposits) are widespread across the 
Pyrenean belt (Fig. 1a). In the Bay of Biscay region, the Pyrenees and the Aquitanian Basin 
regions, the thickness of upper Triassic deposits ranges from 1000 to 2700 m (Biteau et al., 
2006; Jammes et al., 2010b; Ortí et al., 2017; Roca et al., 2011; Saura et al., 2016).  These 
deposits thus represent a major décollement level within the pre-rift stratigraphy (Biteau et 
al., 2006; James and Canérot, 1999; Jammes et al., 2010a) that controlled the development 
of Cretaceous syn-rift salt tectonics structures. Rollovers and tilted blocks are observed in 
basins located to the north and south of the present Pyrenees, like in Parentis and Aquitaine 
(Jammes et al., 2010b) or in Cotiella basins  (McClay et al., 2004). Mesozoic platform 
carbonates (limestones, dolomites and marls) conformably overlay the Triassic deposits and 
form the original cover of the northern Iberian margin (Canerot et al., 1978; Canérot and 
Delavaux, 1986; Canérot, 1991). In the western Pyrenees – i.e. Chaînons Béarnais-, this pre-
rift sequence reaches a thickness of 3000 m including Liassic, Middle and Upper Jurassic 
carbonates and Urgonian limestones (Canérot et al., 1978; Canérot and Delavaux, 1986; 
Canérot, 1991). Further north, in the Aquitaine basin the pre-rift sequence reaches a 
cumulated thickness of more than 4000 m (e.g. Biteau et al., 2006).  Albian-Cenomanian 
flysch-type sediments were deposited during rifting (Souquet, 1985; Debroas, 1990). The 
total thickness of these syn-rift sediments exceeds 5000 m locally (Fig. 1b). 
 
Rifting 
 Both the continental basement and pre-rift/syn-rift series have experienced low 
pressure / high temperature deformation during rifting (Golberg and Leyreloup, 1990). Peak 
temperatures recorded by the metamorphic sediments of the pre- and syn-rift cover range 
from 250°C to 600°C and are associated with the development of a syn-extensional tectonic 
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foliation parallel to sedimentary bedding (S0/S1) (Clerc et al., 2015; Corre et al., 2016). The 
highest temperatures in the pre-rift sedimentary cover are located in regions of extreme 
crustal thinning and mantle exhumation, indicating that the pre-rift sediments were 
mechanically decoupled from the basement – i.e. décollement- by the Keuper clays (Clerc 
and Lagabrielle, 2014). The décollement promoted differential and asynchronous thinning 
of basement and cover correlated with large relative cover/basement motions (Fig. 1b). In 
this tectonic style, previously termed “lateral extraction” (e.g. Clerc and Lagabrielle, 2014), 
the pre- and syn-rift sedimentary formations remained located at rift center, in spite of 
large stretching, and in direct contact with the exhuming lithospheric mantle (Fig. 1c) 
(Jammes et al., 2010b; Lagabrielle et al., 2010). Such deformation patterns directly result 
from the interaction between crustal thinning and mantle ascent. They also explain the high 
temperatures recorded in the pre- and syn-rift sediments and the prevalence of ductile 
deformation in the continental basement and pre-rift sediments throughout rifting by a 
"blanketing" effect (thermal insulation of the basement by overlying sediments, Clerc et al., 
2015). In addition, continuous flysch sedimentation in the deepening portions of the active 
rifts allows the preservation of high temperatures at basin axis during the final rifting stages. 
 Alternative interpretations of the CPR evolution have been proposed in previous 
studies (Jammes et al., 2010b; Masini et al., 2014; Tugend et al., 2014). In contrast with the 
observations and interpretations described above, these studies generally emphasize the 
role of structures arising from brittle deformation during rifting (e.g. so-called "extensional 
allochthons" in Jammes et al., 2010b and normal faults in Masini et al., 2014). While the role 
of pre-rift salt is described in Jammes et al., (2009b), Masini et al. (2014) consider that the 
middle crust is the dominant décollement horizon.  In summary, these previous studies do 
not identify the fully allochthonous character of the pre-rift sedimentary cover and overlook 
the regional high temperature event, that is responsible for the late-stage ductile 
deformation including in the sedimentary cover. 
In the present study, we employ two-dimensional thermo-mechanical modeling to study the 
role of a km-thick basement/cover décollement on the dynamics of lithospheric rifting and 
the mechanical interactions between the cover décollement and mantle ascent. Field data 
summarized above are used to calibrate the model parameters and, in turn, modeling 
results are applied to the CPR. 
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III. Numerical modeling 
The numerical thermo-mechanical models were designed based on a simple 2D 
initial setting inspired by the pre-rift stratigraphy of the CPR. In the reference model, the 
lithosphere consists in a three-layer crust made of a 25 km thick basement, a 1.5 km thick 
décollement horizon and a 3.5 km thick pre-rift cover. Both the décollement and pre-rift 
cover thicknesses represent conservative values according to estimates from the CPR region 
(see Sec. II). The crust is underlain by both mantle lithosphere (from 30 km to 100 km depth) 
and asthenosphere (from 100 km to 120 km depth) (Fig. 2). The model domain is a cross-
section of 120 x 300 km and the numerical resolution is 150 m in both dimensions. A 
constant normal velocity is applied at the boundaries of the model (         1 cm/y). The 
model top boundary is a true free surface (Duretz et al., 2016) along which erosion and 
sedimentation are parameterized. In order to satisfy mass conservation, an inflow velocity 
(   ) is imposed at the base of the model. An initial temperature anomaly (+50 K, 5 km 
radius) located in the mantle lithosphere (Fig. 2) allows seeding the deformation. The initial 
geotherm is computed assuming steady state and accounts for different radiogenic heat 
production in each layer (Table 1) and a constant asthenosphere temperature (1350 °C). In 
the reference model, we consider a major source of inheritance represented by the 1.5 km 
thick décollement layer of salt rheology located at the interface between cover and 
basement. This décollement thus represents the Upper Triassic marls and evaporite 
sequence (Keuper). The presented models do not account for any pre-defined strain 
softening parameterization. For details regarding the overall methodology (mathematical 
model and algorithms), see the Appendix. 
 First, we describe the evolution of our reference model, that is characterized by an 
initial Moho temperature of 480°C, a homogeneous basement (i.e. single layer), a total 
extension velocity of 1 cm/y and a 1.5 km thick décollement layer. Second, we highlight the 
key role played by the thickness of the décollement layer. Last, we describe models that 
accounted for different initial Moho temperature, basement structure and extension rates. 
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III.1 The reference model 
 
Initiation of extension 
 The earliest stages of extension lead to the development of a heterogeneous style of 
thinning (Fig. 3a).  In the pre-rift cover, strain strongly localizes while basement thinning and 
necking of the lithosphere mantle are more distributed. Localized cover thinning, primarily 
in the frictional regime, is located above both rift shoulders at ~70 km away from rift center 
(Fig. 4b). A central cover boudin is disconnected from the lateral sides and preserved from 
any further deformation (Fig. 4a,b). Basement thinning that is most pronounced in regions 
adjacent to the rift center (e.g. x = +35 km) and involves equivalent amount of frictional and 
ductile deformation (Fig. 4a,b). The Moho geometry is characterized by sharp and high 
amplitude variations  (> 5 km, Fig. 3a) that are caused by frictional deformation that takes 
place at the onset of extension (not depicted). 
Smooth slope basin 
With ongoing extension (Figs. 3b, 4c,d), the cover is locally dissected and folded 
leading to a sequence of second-order syn-kinematic rollover structures separated by rafts 
("turtle backs") that are better expressed above rift shoulders. Above rift axis, the pre-rift 
cover forms a large-scale syncline in which a syn-kinematic basin is deposited (Fig. 3b). Note 
that this type of basin, characterized by smooth slopes, smooth bedding curvature and 
absence of bounding faults, is commonly called “sag basin” in passive margin literature. This 
could be misleading because it is in fact a syn-rift basin located on top of a stretched crust. 
Basement thinning becomes visible in the regions located at rift center (x = -30 km and x = 
+40 km). Basement deformation still involves both ductile (Fig. 4c) and frictional rheological 
components (Fig. 4d). Basement faults are well expressed. The necking of lithosphere 
mantle that is accommodated by ductile deformation is almost complete (Fig. 4c). 
Basement thinning 
After 10 My (Fig. 3c, 4e,f), the lithosphere is fully necked, the basement is thinned 
down to a thickness of less than 5 km while the pre-rift cover is not yet thinned (Fig 3e). The 
discrepancy between the rates of thinning in basement and cover thinning represents a 
striking feature of the model. Basement thinning mainly occurs between the 400oC and 
600oC isotherms. Ongoing deformation is thus dominated by pervasive ductile deformation 
(Fig 4e). Deformation of pre- and syn-rift cover localizes along faults, 40 km away from rift 
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center (Fig. 3c). Asthenosphere rises up, beneath the non-thinned pre-rift cover, in response 
to continued extension. The thickness of syn-rift deposits reaches 3 km in the central "sag" 
basin and 5 km in the adjacent rollover structures. 
Mantle exhumation 
During the latest stages of rifting (Fig. 3d, 4g,h), the basement layer thickness is 
locally reduced to zero. Thus, the allochthonous pre-rift cover directly lies on the exhuming 
mantle (Fig. 3d). The pre-rift cover also thins down, leading to the development of a rollover 
structure located on top of the exhuming mantle. As a result, the temperature within the 
pre- and syn-rift cover and the décollement can locally rise above 400oC by conductive 
heating. Consequently, the pre-rift cover becomes affected by ductile deformation (Fig. 4g). 
Note that the basement appears disrupted due to extreme stretching (Fig. 5a). In fact, this 
thinning is passive and does not result from a necking instability but from the deformation 
of the underlying mantle.  When reaching shallower levels (<10 km) and cooling down the 
mantle becomes brittle (Fig. 4h) and undergoes faulting. Relative displacements between 
fault blocks passively deform the overlying ductile crust, mimicking a strong layer necking. 
This process initiates as soon as the top of the exhuming mantle becomes brittle (here at 
11-12 My). Diapirs develop from the décollement layer in the necking zones of the pre-rift 
cover (e.g. x = -50 km). Tight associations of exhumed mantle, pre- and syn-rift sediments 
and lenses of extremely stretched basement occur where the pre-rift cover thins down (x = 
30 km, Fig. 5a). The décollement layer accommodates most of the strain (Fig. 5b). While 
deformation in the sedimentary cover is localized, mantle deformation is rather distributed 
(Fig. 5b). The basement exhibits a transitional deformation style made of anastomosed 
shear bands (x = 55 km, Fig, 5b). 
 
III.2 The effect of décollement thickness on rift evolution 
 
In absence of a décollement layer the rift structure is strikingly symmetric (Fig. 6a). The 
overall structure consists of a single symmetric lithospheric necking zone with thin syn-rift 
deposits at rift center and two lateral syn-rift depocenters (~5 km thick) located on proximal 
margins, adjacent to rift shoulders. The pre-rift cover remains welded to basement and 
move away from rift axis as basement is laterally disrupted. The pre-rift cover is thus never 
exposed to high temperatures related to ascent and exhumation of the mantle.  
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 A thin décollement layer (750 m) is sufficient to promote mechanical decoupling 
between cover and basement (Fig. 6b). It thus leads to a notably different style of extension 
than without a décollement (Fig. 6a). The cover accommodates extension by localized 
deformation that triggers the formation of numerous small-scale basins. It first necks away 
from rift center, in the rift shoulder regions, and then extension remains located at rift 
center until the basement is laterally disrupted. Cover extension, in rift shoulders regions, is 
accommodated by distributed localized deformation giving numerous small-scale basins 
with structure of rollover or turtle-back structures (Fig. 6b). Finally, the cover also 
undergoes necking at rift center, where it is segmented and separated blocks are 
incorporated to the distal parts of both margins.   
 Thicker décollements (1.5 and 3 km) further enhance decoupling between basement 
and cover. In rift shoulder regions, the cover rapidly necks giving either rollover-type 
structures (Fig. 3c) or diapirs fed by the underlying décollement that can even be exhumed 
and exposed to the surface (Fig. 3d). The pre-rift cover remains located at rift center during 
the entire extension and becomes thus exposed to heating by conduction above the 
exhuming mantle. Most of the small-scale basins are bounded by diapirs rising from the 
décollement horizon (Fig 6d). Models including thick décollements (Fig 6c,d) develop long 
hyper-thinned basement lenses (~ 50 km width). These are consequences of the high 
temperature reached by the basement, which enhances its ability to flow viscously   
 In summary, in absence of décollement, the pre-rift cover remains welded to the 
basement. After a finite amount of stretching, the pre-rift cover is absent in most of the rift 
basin. Only syn-rift sediments are present in the distal part of margins, directly deposited on 
top of the almost exhumed mantle. The presence of a décollement promotes basement-
cover decoupling. At a given rate of extension (here 1 cm/y) and for a décollement of 
moderate thickness (here up to 1.5 km), pre-rift cover necking gives birth to rafts from the 
shoulder regions to the distal part of margins. Syn-rift sediments accommodate the growth 
of rollover basins between the rafts. An increase of décollement thickness (here up to 3 km) 
promotes the development of large salt diapirs and wider rafts. Finally, the asymmetry of 
the pre-rift cover deformation and the asymmetry of the overall rift structure increase with 
the décollement thickness. 
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III.3 Influence of lithospheric rheology, initial and boundary conditions. 
 
 In order to test the robustness of model features described above, we examined the 
effects of different initial, boundary conditions and rheological properties (Fig. 7). The 
thickness of salt décollement is set to 1.5 km as in the reference model (Fig. 3, Fig. 6c).  
 First, we tested different mantle rheological model and crustal rheological structure. 
On one hand we deactivated Peierls creep of olivine (Fig. 7a), thereby allowing larger stress 
to develop in the mantle. On the other hand, we accounted for a two-layer crust 
incorporating a strong lower crust (Fig. 7b). The model that neglects Peierls creep (Fig. 7a) 
most resembles the reference model. It produces a very similar style of basement and 
mantle deformation. The model that includes a layered crust has a less pronounced Moho 
topography and relatively less thinned crust (Fig. 7b). The resulting central basin contains a 
thinner syn-rift infill. The syn-rift sediments reach moderately high temperatures close to 
the rift center (< 400 oC). We did not modify salt rheology in the décollement. Since salt is 
much weaker than any other typical crustal material (Weijermars et al., 1993), salt-
dominated horizons are expected to always act as efficient décollements.  
 Second, we investigated the effects of the initial thermal condition. Two different 
initial Moho temperatures (530 oC and 560 oC) were considered. The resulting models show 
only minor differences with regard to the reference model (Fig. 7c,d). The base of the pre-
rift cover may reach up to 650oC for an initial Moho temperature of 560oC (Fig. 7d). In 
comparison with the reference run, models with higher Moho temperatures are 
characterized by slightly more symmetric basement deformation style. 
 Last, we tested the influence of various extension rates. The resulting models exhibit 
more visible differences with regard to the reference model. Fast extension rates promote 
the formation of narrower cover rafts, (Fig. e and f) and also foster the development of 
numerous normal faults within the thinned basement. In addition, slower extension rates 
induce slightly more asymmetric basement deformation and wider and thicker rollover 
basins. 
 At first-order, all above-described models share the same style of syn-rift salt 
tectonics. The pre-rift cover evolves into rafts and large portions of the pre-rift cover are 
present in the rift basin. The syn-rift sediments are mostly involved into rollover basins. The 
overall basement and mantle lithosphere deformation is symmetric. In summary, the 
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presented models share first order similarities with the reference mode and are controlled 
by the activation of the pre-rift décollement layer. 
 
III.4 Thermal regime 
The thermal evolution of pre-rift and syn-rift sediments with and without a pre-rift 
salt décollement is depicted in Figure 8. Models without a décollement do not exhibit any 
type of basement/cover mechanical decoupling and, consequently, the cover never comes 
in contact with the exhuming mantle and maximum temperatures reached in both pre- and 
syn-rift sediments remain lower than 300oC (Fig. 8c). Conversely, when a décollement is 
present, the allochthonous cover remains located at rift axis and undergoes a regional 
heating. Pre-rift sediment temperatures increase by about 250-300oC in most of the basin 
(Fig. 8). The maximum temperature recorded by the pre-rift sediments can locally exceed 
500oC and the syn-rift sediments can reach temperatures up to 400oC. The pre-rift cover 
that remains located above the thermal anomaly related to mantle ascent, induces a 
thermal blanketing effect. Largest pre- and syn-rift temperatures are recorded in the vicinity 
of the exhumed mantle (Fig. 8a) and more specifically in rollover structures made of the syn-
rift sediments (Fig. 8b). During exhumation, mantle undergoes a cooling of about 600oC. 
Consequently, the overlying sedimentary cover is subjected to a heating of about 500oC 
locally (Fig. 8c). In the reference model, cover heating occurs after 12 Ma, what coincides 
with the timing of mantle exhumation. This clearly illustrates the control of the pre-rift salt 
décollement on the thermal evolution of pre- and syn-rift sequences. The above numbers 
may vary with the initial Moho temperature. We observed that the pre-rift cover 
temperature locally rises up to 650oC for initially elevated geotherms (e.g. 560oC Moho 
temperature, Fig. 7d). 
 
IV. Discussion 
 
IV.1 The first order role of the décollement  
Our models highlight the first order role played by the décollement at pre-rift cover 
base. In absence of a décollement, the pre-rift cover remains coupled to the underlying 
basement. The cover is thus taken away from rift center during crustal necking such that no 
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pre-rift cover remains in the main rift basin after basement thinning and mantle exhumation 
(Fig. 6a to d).  
The presence of a décollement layer leads to an efficient basement-cover 
decoupling. The cover can deform and neck independently from the basement and can 
remain in the main rift basin as the underlying basement is extracted from rift center (Figs. 
3c and d). After basement thinning, the exhuming mantle underlies the cover. As a result, 
the sedimentary cover undergoes high temperatures (T > 500oC), in accordance with the 
high temperature event recorded during the formation of the Pyrenean rifted margins 
(Vacherat et al., 2014, Clerc et al., 2015). 
In the reference model, the salt décollement strongly controls the style of thinning in 
the sedimentary cover (Fig. 9a). Deformation and development of structures are 
characteristic of a syn-rift salt tectonics driven by crustal extension, as in the North Sea 
(Nalpas and Brun, 1993; Stewart and Coward, 1995) while post-rift salt tectonics, as 
commonly observed along Atlantic passive margins, mainly involves downslope gravity 
gliding (Brun and Fort, 2011). 
Extreme cover thinning occurs above rift shoulders (Fig. 3a) leading to the formation 
of faulted blocks (i.e. horsts and graben or tilted blocks) and rollover structures with syn-
kinematic growth (Fig. 9a). Normal faults dipping toward rift axis that control the formation 
of tilted blocks, indicate a sense of shear top-to-rift axis in the décollement layer (Fig. 9a). 
This extensional pattern then amplifies with increasing extension. Latest stages of extension 
exhibit segmentation of the initial pre-rift cover in rafts whose spacing increases with 
stretching. Large rollovers take place along rift shoulders in relation with the top-to-rift axis 
shear (Fig. 3f).  
 In terms of relative displacements, a central raft remains located at rift axis during 
the whole extension history (Fig. 3a to d). Most of cover thinning occurs along the smooth 
slopes that develop in the former rift shoulder region (Fig. 3a, Fig. 5a). In the rift limbs, large 
basement/cover relative displacements take place with a top-to-rift axis sense of shear (Fig. 
9b). This displacement pattern is the result of the combination of two factors. The first is 
purely kinematic: the cover is locally necked and laterally disrupted while the underlying 
basement is continuous and subjected to regional extension (i.e. due to boundary 
condition). The second is active, as a result of downslope gravity instability of the 
sedimentary cover. Gliding of the whole sedimentary cover toward rift axis –i.e. downslope 
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rift limbs- is favored by the weak viscous strength of the basal salt layer (décollement). The 
sedimentary cover, on top of the salt décollement, undergoes a combination of layer-
parallel stretching and layer-parallel shear, top-to-rift axis that control normal faulting, 
rafting and, at increasing amounts of stretching, rollovers and salt diapirs. Within the main 
central "sag" basin located at rift axis, this syn-rift kinematic pattern may locally cause a 
slight contraction. This results from the convergence of two gravity glides of the pre-rift 
cover with opposite senses. At large scale, this is illustrated by the kinematic pattern 
observed in models (e.g. Fig. 9) in which the pre-rift cover moves toward rift center whereas 
the underlying basement is moving opposite. This apparent paradox, a rather surficial zone 
of contraction located in the middle of an extending rift, is a direct consequence of the 
presence of a salt décollement at sedimentary cover base  
 Finally, the syn-rift salt tectonics style described here appears rather independent of 
reasonable variations of the classical parameters that can control lithosphere rifting (i.e., 
applied extension rates, initial thermal structure, and mantle rheology). In either case 
shown in Figure 7, the décollement allows for the activation of syn-rift salt tectonics and 
thus plays a major role in shaping the architecture of the continental margins.  
 
IV.2 Comparison between the model and the Cretaceous Pyrenean rift 
 
 At first order and at the largest scale, the final stages of the model display five types 
of structural domains that can be compared to structures observed in the Cretaceous 
Pyrenean rift (Fig. 10b1). The less deformed ones correspond to the proximal margin 
domains that preserve original crustal thickness. At rift center, extremely thinned crustal 
units rest on top of an exhumed mantle domain (Fig. 10b3). This region may correspond to a 
distal margin domain where mantle rocks are exhumed between disconnected crustal 
lenses. Natural examples of such rock association may be found in the NPZ region (e.g. 
Saraillé, Urdach, Lherz) where lherzolites bodies are currently outcropping (Fig. 10b3) 
(Lagabrielle et al., 2010; Corre et al., 2016; Asti et al., 2019).  Between the proximal and 
distal domains, large normal faults define tilted blocks in the basement (Fig. 10b4) that can 
be compared to the North Pyrenean massifs (e.g. Trois Seigneurs, Arize, Saint Barthélemy, 
Agly) (Vacherat et al., 2016). Associated sedimentary depocenters are located partly on top 
of tilted blocks and partly above the main normal faults. This domain may correspond to the 
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most external portions of the NPZ and internal foreland of the Northern Pyrenees. It 
includes the basins that formed close to the proximal margin, such as the Camarade, Nalzen 
or Massat basins. Finally, in the proximal basins, diapirs of Triassic evaporites pierce the pre-
rift cover and may control the evolution of two different types of sub-basins (Clerc et al., 
2016) (Fig. 10b5). Outside the NPZ, on the southern flank of the Mouthoumet massif and 
northern flank of the Agly and Salvezines massifs, localized thinning and basal truncation of 
pre-rift cover blocks (Fig. 10b1) result from gliding toward the Saint Paul de Fenouillet and 
Bas-Agly (Clerc et al., 2016). The model also displays in the proximal domain syn-rift 
sedimentary basins dominated by rollover structures above the décollement. Such 
structures are reported at various other places in the Pyrenees, like Cotiella (McClay et al., 
2004) (Fig. 10b2).   
 At a second order, the transition between proximal and distal domains displays a 
striking feature. The preserved pre-rift cover is located inside the extending system and is 
direct contact with the exhumed mantle (Lagabrielle et al., 2010) (Fig. 10b3). The presence 
of a basement-cover décollement enhances the horizontal motion component in crustal 
extension. This leads to the tectonic superposition of deformed pre-rift sediments and 
mantle units (Clerc and Lagabrielle, 2014). As stated earlier, the geological record clearly 
indicates that the Pyrenean pre-rift Mesozoic cover was efficiently decoupled from the 
Variscan basement, thanks to Late Triassic (Keuper) evaporites and clays layers (Jammes et 
al., 2010b; Lagabrielle et al., 2010).  
 At a third order, the thermal evolution during progressive mantle ascent is consistent 
with the evolution deduced from paleo-temperatures measured in the NPZ that have been 
recently completed (Clerc et al., 2015). Close to mantle bodies, temperatures are up to 
600°C in the pre-rift whereas most of the syn-rift black flysch (so-called “flysch noir”) 
displays rather homogeneous temperatures, around 350°C in the Chaînons Béarnais. This 
suggests a slow and continuous heating rather than fast and localized thermal pulses. On 
the distal margin, high geothermal gradient, in relation with crustal extension associated to 
mantle exhumation, is supported by the range of AFT and ZHe ages from the northern 
Pyrenees (Mouthereau et al., 2014; Vacherat et al., 2014; Hart et al., 2017) and is consistent 
with reconstructions of the paleo-geothermal gradient during the Pyrenean Cretaceous 
rifting (Espurt et al., 2019). In general, peak temperatures recorded in the western NPZ are 
lower than those recorded in the eastern part (e.g. up to ~600°C in the Aulus and 
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Boucheville basins). Considering that the temperature increases significantly once the 
mantle is exhumed up to the sedimentary cover base (Fig. 8), differences might be due to 
variations in the style and amount of crustal thinning along the Cretaceous rift system. For 
example, exposed mantle bodies are attached to thin crustal lenses in the western NPZ (Asti 
et al., 2019), but not in the eastern NPZ (Lagabrielle et al., 2010). Another noticeable along-
strike difference concerns the sedimentary reworking of exhumed mantle, rare in western 
NPZ (only around Urdach massif) and more common and synchronous with exhumation in 
eastern NPZ (Lagabrielle and Bodinier, 2008; Lagabrielle et al., 2010; de Saint Blanquat et al., 
2016). 
 In the numerical model, high temperatures trigger ductile deformation in a large 
portion of the pre-rift cover that remains located at basin center. This is also in agreement 
with field evidence for ductile deformation (Saraillé, Urdach-Les Pernes and Turon de la 
Técouère) in the pre-rift sediments (Lagabrielle et al., 2010; Corre et al., 2016) that have 
been confirmed by Electron Back-Scattered Diffraction (EBSD) analysis of the intra-
crystalline deformation of the North Pyrenean marbles (Vauchez et al., 2013; Lagabrielle et 
al., 2016). 
 The model reproduces some characteristics of previous models of the CPR (Jammes 
et al., 2010b; Masini et al., 2014; Tugend et al., 2014). Normal faults (Masini et al., 2014) 
indeed developed in the basement but only in the initial stages of extension, prior to high 
temperature events (Fig. 4d). In the model, faults that are either located in the pre-rift cover 
or in the basement do not cut across the décollement layer. The contribution of basement 
faults to rifting at large scale is limited as strain is mostly accommodated by structures 
linked to the salt décollement (Fig. 5b).  
 Some model structures resemble to the so-called “extensional allochthons” 
sometimes described in passive margins and interpreted as a product of low angle 
detachment faulting. However, these structures result from the extension undergone by the 
pre-rift sedimentary cover (Figs. 5 and 9a) during gliding above the salt décollement. They 
correspond to structures of raft type (Mauduit et al., 1997b) or “turtle back” type (Mauduit 
et al., 1997a) types rather common in salt tectonics (Duval et al., 1992; Fort et al., 2004). 
They do not result from low angle detachment faulting. Thus, the overall deformation style 
shares some geometric similarities rather than kinematic with the model of “Salt pre-rift 
with décollement in the salt layer” described in Jammes et al. (2010b). 
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Our model does not account for the exhumation of the lower crust along 
detachment faults during the latest stages of the CPR. While this mechanism has been 
previously emphasized (Labourd area; Jammes et al., 2009; Masini et al., 2014), recent work 
has challenged this view (Saspiturry et al., 2019). Indeed, exhumation of granulites 
originating from the lower crust has occurred in the Pyrenees during Hercynian extension 
(e.g. Bouhallier et al., 1991; Vissers et al., 1992; Saint Blanquat, 1993), therefore predating 
the formation of the CPR (Saspiturry et al., 2019). 
 
IV.3 Model limitations 
In the presented model, the mantle exhumed to basin floor originates from depth 
larger than 100 km. However, petrologic data suggest that the mantle exhumed in the North 
Pyrenean realm originates from shallow depths (i.e. sub-continental mantle) as it did not 
experience melting nor re-fertilization during its exhumation (Picazo et al., 2016). In fact, 
the latest re-fertilization event experienced by the sub-continental mantle exposed in the 
Lherz massif is likely related to late-Variscan events (Le Roux et al., 2007).  
 There are also general limitations concerning kinematic aspects of the model. While 
the modeling was carried out in 2D, the NPZ is non-cylindrical and incorporates important 
lateral variations. This implies that the role of transtensional deformation cannot be 
inferred from the presented models. Indeed, the Europa/Iberia relative motion implies a 
certain amount of left-lateral motion (Olivet, 1996; Sibuet et al., 2004; Gong et al., 2008). 
The opening style of the north Pyrenean mid-Cretaceous basins is also debated. Basins 
might have opened as a series of pull-apart basins (Choukroune and Mattauer, 1978; 
Canérot, 1988; Debroas, 1988) or due to oblique rifting (Jammes et al., 2010b; Masini et al., 
2014; Tugend et al., 2014). In the presented models, symmetrical sedimentary basins 
develop on both sides of the distal domain. Regardless of whether pull-apart basins or 
oblique rifting dominated, basin opening along the NPZ axis likely developed in a non-
cylindrical way. Therefore, the proposed cross-sections (Fig. 1c) cannot be repeated 
cylindrically all along the Pyrenees during the Late Cretaceous. The same applies to the 
regions where mantle rocks were exhumed and further exposed at the seafloor. Mantle 
exhumation did not occur in a single continuous trough, but rather in separate basins.  
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 In order to focus the role of the pre-rift salt décollement, we have neglected the role 
of potential basement heterogeneities. For this reason, all the presented models are 
characterized by a roughly symmetric extension of basement and mantle lithosphere. 
Notable asymmetries can be observed above the basement top, in the models including a 
décollement. These asymmetries affect the structure of the décollement structure and the 
pre-rift and syn-rift sediments.  
 The thermal effect of fluid circulations is not included in the presented models. 
However porous convection may have occurred in the developing basins, which would 
notably modify the overall thermal regime (e.g. Souche et al., 2014).  
 
V. Conclusions 
 Based on geological observations of the Cretaceous Pyrenean Rift, we have designed 
a thermo-mechanical model of lithosphere rifting. We have systematically tested the 
influence a km-scale pre-rift décollement on the thinning of lithospheres. Despite the 
overall simplicity of the employed rheological model and applied boundary conditions, the 
numerical model captures key features of the CPR. The pre-rift evaporitic layer acted as a 
cover-basement décollement allowing for the development of structures that are typical of 
syn-rift salt tectonics (rafts, rollovers, diapirs, smooth slope basins) as described in the CPR. 
As a consequence, pre-rift sediments were decoupled from the basement and came locally 
in direct contact with the exhuming mantle. Conductive heating hence induces high 
temperature (T > 500oC) within the pre-rift sediments, in agreement with geological data of 
the CPR. More generally, our experiments demonstrate that the presence of a pre-rift salt 
décollement at the base of a thick pre-rift sedimentary cover exerts a first order control on 
rift evolution and passive margin architecture. 
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Tables 
 
   
[kg.m-3]
k  [W.m-1.K-1] Qr [W.m-3]  A [Pa-n.s-1] n  Q [J.mol-1] 
Sediments 
(wet 
quartzite) 
2700 2.5 5.0e-6 20 5.0717e-18 2.3 154.0e3 
Cover 
(wet 
quartzite)  
2700 2.5 1.0e-6 30 5.0717e-18 2.3 154.0e3 
Décollement 
(rocksalt) 
2200 2.5 1.0e-6 30 9.9848e-32 5.3 102.0e3 
Basement 
(granite) 
2800 2.0 1.0e-6 30 3.1623e-26 3.3 186.5e3 
Strong mantle 
(dry olivine) 
3250 2.0 1.0e-10 30 2.5119e-17 3.5 532.0e3 
Weak mantle 
(wet olivine) 
3250 2.0 1.0e-10 20 1.9953e-21 4.0 471.0e3 
  
Tab. 1. Thermal and rheological parameters used for each lithology used in the 
reference numerical model.  The heat capacity (Cp), the compressibility (), thermal 
expansivity () and cohesion (C) were respectively set to 1050 J/kg/K, 10-11 Pa-1, 10-6 K-
1, and 107 Pa for all materials. Regarding the flow laws, the strong basement, the weak 
basement/sediments/pre-rift cover respectively correspond to the Westerly granite 
(Hansen and Carter, 1983), wet quartzite (Kirby, 1983), rocksalt (Carter et al., 1993), 
dry olivine and wet olivine (Kirby and Kronenberg, 1987). 
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Figure captions 
 
Fig. 1. a) Synthetic structural map of the Pyrenees (redrawn and modified after Corre et al., 
2016) with location of the main lherzolitic bodies and distribution of the Keuper deposits. 
Acronyms: AB, Aulus Basin; ArM, Arize Massif; AgM, Agly Massif; BAB, Bas-Agly Basin; BB, 
Boucheville Basin; CaB, Camarade Basin; CoB, Cotiella Basin; Lhz, Lherz; LM, Labourd Massif; 
MlB, Mauléon Basin; MM, Mouthoumet Massif; MsB, Massat Basin; NB, Nalzen Basin; NPFT, 
North Pyrenean Frontal Thrust; NPZ, North Pyrenean Zone; Sar, Saraillé massif; SBM, Saint 
Barthélemy Massif; SM, Salvezines Massif; SPFB, Saint Paul de Fenouillet Basin; SPFT, South 
Pyrenean Frontal Thrust; SPZ, South Pyrenean Zone; TdT, Turon de la Técouère massif; TSM, 
Trois Seigneurs Massif; Urd, Urdach-Les Pernes massif. b) Synthetic log representing the 
main pre-rift lithological units and related conceptual cross-sections. c) Cross-section of the 
Iberia-Eurasia extensional plate boundary resulting from mid-Cretaceous rifting (after 
models of Lagabrielle et al., 2010; Clerc and Lagabrielle, 2014; Corre et al., 2016; and Teixell 
et al., 2016). The lower continental crust is only present below the proximal domain. The 
distal domain is dominated by ductile thinning of the continental crust that is found as thin 
lenses exhumed together with the mantle. The pre-rift sedimentary cover glides on top of 
the Keuper evaporites (i.e. décollement layer) and comes locally in direct contact with the 
exhumed mantle. This corresponds locally to a complete removal of the continental crust 
Fig. 2. Initial and boundary conditions used in the numerical models. General setting of the 
model domain. Arrows indicate the directions of outflow (constant velocity, Vout = 0.5 cm/y) 
and inflow (constant velocity, Vin 1.0 = cm/y). An initial temperature perturbation is set at 
coordinates x = 10 km and y = -45 km. White lines correspond to isotherms (200 oC spacing). 
The initial Moho temperature is 480oC and the décollement layer thickness is 1.5 km. 
 
Fig. 3. Lithological types and strain fields evolution of the reference model. Results are 
depicted at four time steps: a) 5.0 My, b) 7.5 My, c) 10.0 My and d) 15.5 My. White lines 
depict isotherms (200 oC spacing). The gray boxes on panels a) and d) correspond to the 
figure enlargements depicted in Figs. 5 and  Fig. 9. 
Fig. 4. Respective contributions of ductile (left) and frictional (right) strain rates for the 
reference model at the same time steps than in Fig. 3. White lines correspond to lithological 
contours. Color maps are taken from Scientific Colour-Maps (Crameri, 2018). 
 
Fig. 5. Detailed structure of the rifted margin. Panel a) depicts lithological types and 
isotherms.    Same color palette than in Fig. 2. Panel b) corresponds to the finite strain. 
White lines correspond to lithological contours.  
 
Fig. 6. Effects of décollement thickness. Four thicknesses were considered, 0.0 m (a), 750 m 
(b), 1.5 km (c) and 3.0 km (d). Lithological types: same color palette as in Fig. 2. White lines 
correspond to isotherms (200 oC spacing). Extension rate: 1 cm/y. 
 
Fig. 7. Effects of variations in rheological models (a, b), initial thermal conditions (c, d) and 
extension rate (e, f). Same color palette as in Fig. 2. White lines correspond to isotherms 
(200 oC spacing). 
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Fig. 8. Effects of a pre-rift salt décollement on the thermal regime of pre-rift and syn-rift 
sediments. Spatial distribution of maximum temperature (in time) (a) in the pre-rift 
sediments, (b) syn-rift sediments. (c) Relative temperature variation from the onset of the 
simulation up to current model time. (d) Evolution of the maximum temperature (measured 
through time in the syn-rift and pre-rift sediments) for models with and without 
cover/basement décollement. 
  
Fig. 9. Relation between salt tectonic structures and displacements in one of the rift 
shoulder domains. a) Pattern of normal faulting related to raft formation in the pre-rift 
cover with associated syn-kinematic basins and diapiric salt structures. Same color palette 
than in Fig. 2.  b) Velocity field: Vectors are plotted with reference to rift axis (to the left). 
Pale brown and pale blue domains correspond to displacements away and toward rift axis, 
respectively. White lines correspond to the contours of lithology for the domains shown in 
(a). 
 
Fig. 10. Comparison between structures in the model and those identified in the North 
Pyrenean Zone. a) Line-drawing of the reference model at 12.5 Myr (as in Fig. 3). b) Sketches 
of five types of structures identified in the NPZ. 1) Décollement and basal truncation of pre-
rift cover block in fault-bounded basins of the proximal part (South Mouthoumet massif). 2) 
Rollover-type structures above the Keuper salt formations in the proximal domain (Cotiella 
basin). 3) Lenses of continental crust (basement) exhumed together with mantle rocks in 
the distal domain, beneath the pre-rift cover. The syn-rift cover is locally in direct contact 
with the exhumed mantle what implies a complete removal of the basement. 4) Large rigid 
blocks faulted and tilted above the ductilely deforming continental crust during mantle 
exhumation (e.g. North Pyrenean Massifs of Trois Seigneurs, Saint Barthelemy, Agly). 5) Syn-
extensional diapir that emplaced during deposition of syn-rift cover) (e.g. Basins of St Paul 
de Fenouillet and Quillan). 
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Appendix: Numerical modeling 
The presented thermo-mechanical models were obtained by solving the conservation 
equation for a steady state momentum, transient heat conservation and incompressible 
mass conservation equations: 
    
   
  
  
   
      
   
  
  
  
 
   
   
  
   
              
   
   
   
where v is the velocity vector, T is the temperature, k is the thermal conductivity,  is the 
density, cp is the heat capacity, Qr is the radiogenic heat production,  is the deviatoric stress 
tensor,   is the deviatoric strain rate tensor, P is the pressure and g is the gravity 
acceleration vector. The term         describes the production of heat by visco-plastic 
dissipation (shear heating). 
The density field evolves according the following equation of state: 
                           
where    is the reference density,    is the thermal expansivity,   is the compressibility, 
   and     are the reference temperature and pressure which were respectively set to 0 
C and 105 Pa. 
The effective viscosity ( ) relates the deviator stress and strain rate tensor in the 
following fashion:  
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and is computed in order to satisfy a visco-elasto-plastic rheological model: 
          
      
      
               
      
        
        
where the v, e, and p superscripts correspond to viscous, elastic and plastic portions and 
the surperscripts dis and Peielrs refers to the dislocation and Peierls creep mechanisms. 
The viscous strain rate is computed as: 
    
         
      
   
       
 
    
  
  
   
   
  
where A is a pre-factor, Q is the activation energy, n is the stress exponent R is the 
universal gas constant and f is a correction factor (Schmalholz and Fletcher, 2011). The 
subscripts II stand for the square root of the second tensor invariant. The elastic strain 
rate is written as: 
    
   
    
  
   
   
  
where G is the shear modulus (set to 1010 Pa). 
The plastic strain rate takes the form of: 
    
       
    
   
             
       
    
  
  
  
   
                           
where   is the friction angle and   is the cohesion. The friction angle is set to 20o for al 
sediments (pre-rift and syn-rift), 25o for the basement and 30o for the mantle 
lithosphere and asthenosphere. The cohesion is set to 10 MPa for all lithologies. We do 
not apply any plastic strain softening.  
In the mantle lithosphere, the Peierls mechanism is also activated and its strain rate is 
computed as: 
    
             
          
   
  
where the effective strain rate are spelled as as: 
 
  
 
  
     
                     
     
   
                                 
              
   
  
 
    
        
  
            
  
where the parameters s is the effective stress exponent (T-dependent),          is the 
activation energy (=540 J/mol),          is the Peierls stress (=8.5.109 Pa),          
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(=5.7.1011 s-1), q (=2.0), and    (=0.1) (Evans and Goetze, 1979). Peierls creep stress is 
computed using a regularised formulation (Kameyama et al., 1999). 
The temperature is kept constant at both the upper (0oC) and lower boundaries 
(1330oC) and the heat flow is set to 0 across the right and left boundaries. A constant 
velocity is (1 cm/y of bulk extension) is imposed on the left/ right model boundaries. 
Inflow at the lower boundary balances the outflow imposed on the right and left sides. 
The shear stress is set to zero along the left, right and lower boundaries. The upper 
boundary is a true free surface that dynamically evolves with time and allow for a direct 
treatment of surface processes (Duretz et al., 2016). The equation governing the free 
surface evolution is written as: 
  
  
 
 
   
   
  
   
    
where h is the height of the free surface, D is the topographic diffusivity (set 10-6 m2.s-1) 
and    is the sedimentation rate (set to 0.5 mm.y-1 for h < 0.0). The initial temperature 
field is obtained by solving the steady state heat equation (neglecting shear heating) 
using reference thermal parameters (Tab. 1) excepted below the lithospheric mantle 
where the conductivity was set artificially high in order to produce a quasi-adiabatic 
asthenosphere. The initial topography is set to 0 km.  
The conservation equations are discretized using a finite difference/marker-in-cell 
technique (Gerya and Yuen, 2003). The global linearized systems of equations are 
solved using a direct-iterative method (Räss et al., 2017). Non-linear iterations are used 
at both local and global levels. At the local level, Newton iterations ensure exact 
partitioning of strain rates and correct evaluation of effective viscosity (Popov and 
Sobolev, 2008; Schmalholz and Duretz, 2017). At the global level, Picard iterations are 
employed to best-satisfy mechanical equilibrium equations (to an absolute tolerance of 
10-6 and within a maximum of 20 iterations). 
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